The rapid development of omics sequencing technology has facilitated the identification of thousands of long non-coding (lnc)RNAs in plant species, but the role of lncRNAs in plant-pathogen interactions remains largely unexplored. We used comparative transcriptome analysis of Phytophthora infestans-resistant and -susceptible tomatoes to identify differentially expressed genes (DEGs) and lncRNAs (DELs), and examine lncRNA-mRNA networks. A total of 1037 DEGs and 688 DELs were identified between P. infestans-resistant and -susceptible tomatoes. The co-localization networks, including 128 DEGs and 127 DELs, were performed. We found that lncRNA16397 acted as an antisense transcript of SlGRX22 to regulate its expression, and also induced SlGRX21 expression when lncRNA16397 was overexpressed. In addition, disease symptoms and reactive oxygen species (ROS) accumulation in tomatoes overexpressing lncRNA16397 and SpGRX were fewer and lower than those in wild-type after P. infestans infection. This result suggests that tomato lncRNA16397 induces SlGRX expression to reduce ROS accumulation and alleviate cell membrane injury, resulting in enhanced resistance to P. infestans. Our results provide insight into lncRNAs involved in the response of tomato to P. infestans infection, demonstrate that the lncRNA16397-GRXs network is an important component of the P. infestans network in tomato, and provide candidates for breeding to enhance biotic stress-resistance in tomato.
INTRODUCTION
Phytophthora infestans is a biotrophic pathogen that is the causal agent of late blight (LB) in tomato. LB occurs worldwide and has long been prevalent in some countries, causing serious economic loss for field-grown tomatoes (Kim and Mutschler, 2005; Miranda et al., 2010) ; it is therefore regarded as a major threat to tomato production (Park et al., 2013) . During the growing season of tomato, LB can occur at any time, which leads to brown-black, pathogen sporulation and water-soaked lesions on the foliage, stems and fruits of tomato (Fry et al., 1992; Park et al., 2013) .
The tomato is not only a major crop plant constituting a major worldwide agricultural industry, but also an important model plant for fleshy fruit development and especially for plant-pathogen interactions. Its genome sequencing has been finished in 2012 (Tomato Genome Consortium, 2012) . Previous studies on tomato-pathogen interactions found that different species and varieties of tomato exhibit differing pathogen resistance. For instance, Solanum lycopersicum Monalbo and Momoor were susceptible and resistant to Fusarium oxysporum f. sp. radices-lycopersici, respectively (Manzo et al., 2016) . Moreover, Chen et al. (2013) analysed differential gene expression in response to tomato yellow leaf curl virus (TYLCV) infection in the tomato CLN2777A (a line of TYLCV-resistant tomato) and TMXA48-4-0 (TYLCV-susceptible tomato), which helped to identify important defence-related genes in tomato-TYLCV interaction. The wild tomato Solanum pimpinellifolium is one of the closest relatives to cultivated tomato, and its trait of disease resistance has been introduced into cultivated tomato (Darwin et al., 2003; Tomato Genome Consortium, 2012; Strickler et al., 2015) . Among all S. pimpinellifolium accessions, one line (L3708) has been identified to be highly resistant to a wide range of P. infestans isolates (Chunwongse et al., 1998; Nowakowska et al., 2014; Zhang et al., 2014a) . Another cultivated tomato, S. lycopersicum Zaofen No.2, is a susceptible accession to a variety of pathogens including P. infestans (Wang et al., 2006 (Wang et al., , 2015a Gao et al., 2011; Guo et al., 2013; . In our previous work, SpWRKY1 in L3708 was identified, which was induced by P. infestans. Compared with tomato Zaofen No. 2, SpWRKY1-overexpressed tomato markedly enhanced resistance to P. infestans .
Generally, long non-coding RNAs (lncRNAs) are transcripts of more than 200 nucleotides (nt) in length that possess no apparent coding sequence (CDS) or open reading frame Wang et al., 2015b) . A number of lncRNAs have recently been identified in plant species due to rapid progress in omics sequencing technology Zou et al., 2016) , including Arabidopsis (Ben Amor et al., 2009; Liu et al., 2012; Di et al., 2014; Wang et al., 2014b) , rice (Zhang et al., 2014b) , maize (Li et al., 2014; Fan et al., 2015) , wheat (Xin et al., 2011) , cotton (Wang et al., 2015b; Zou et al., 2016) , tomato (Wang et al., 2015c Zhu et al., 2015) , cucumber , Chinese cabbage , Populus (Shuai et al., 2014; Chen et al., 2016) and others. In particular, studies on plant lncRNAs are far behind those in humans and animals . Plant lncRNAs have been found to be involved in some biological processes, including gene silencing (Franco-Zorrilla et al., 2007; Wu et al., 2013) , flowering time regulation (Liu et al., 2010; Heo and Sung, 2011; Wang et al., 2014c) , biotic and abiotic stress responses (Ben Amor et al., 2009; Zhu et al., 2014; Wang et al., 2015c) , photomorphogenesis (Wang et al., 2014b) and other important developmental pathways. In studies on plant-pathogen interactions, the expression levels of four lncRNAs from wheat Triticum aestivum L. have been shown to change differentially upon inoculation with Puccinia striiformis f. sp. Tritici . In tomato-TYLCV interaction, it was found that tomato lncRNA Slylnc0195 might function as a competing endogenous RNA by biding to miR166 via target mimicry to protect its targets, class III HD-Zip transcription factor genes (Wang et al., 2015c) . Meanwhile, Zhu et al. (2014) identified a set of F. oxysporum-induced lncRNAs (15 lncNATs and 20 lincRNAs) in Arabidopsis thaliana, which were associated with genes that may be involved in disease resistance. In tomato, lncRNA-314, a fruit-specific lncRNA expressed in S. lycopersicum and S. pimpinellifolium, but not in S. pennellii, originated through two evolutionary events: a long terminal repeat retro-transposition; and the promoter region deletion . Another pair of lncRNAs, lncRNA1459 and lncRNA1840, might also regulate tomato fruit ripening . In addition, recent work has identified a number of tomato lncRNAs as important components involved in tomato-TYLCV interaction (Wang et al., 2015c) .
In the present study, comparative transcriptome analysis was used to identify differentially expressed genes (DEGs) and lncRNAs (DELs) between P. infestans-resistant and -susceptible tomatoes. Co-localization and expression analysis between DEGs and DELs revealed that the tomato lncRNA lncRNA16397 can induce SlGRX expression to reduce reactive oxygen species (ROS) accumulation and alleviate cell membrane injury, thus enhancing tomato resistance to P. infestans.
RESULTS

High-throughput sequencing and DEG analysis
The expressed short reads were generated by using next-generation sequencing from the leaves of P. infestans-resistant (Sp) and susceptible tomatoes (Slz) samples. Next-generation sequencing was performed to generate more than 80 000 000 raw sequence reads from two samples. As shown in Table 1 , more than 98% of the raw reads were clean reads. We read approximately 13.0 G raw bases and 12.9 G clean bases in total (Table 1) . The RNA-Seq data are highly credible by calculating a quality of each base (Wang et al., 2015d) . Tophat was used to map clean reads to the tomato genome. Of these clean reads, more than approximately 80% and 78% were mapped reads in Sp and Slz samples, respectively, and more than 79% and 77% were unique mapped reads. A set of unique mapped reads was mapped to intergenic regions (3.08%/3.47%, Sp/ Slz), introns (2.78%/2.35%, Sp/Slz) and exons (94.14%/ 94.18%, Sp/Slz; Figure S1 ).
A total of 22 907 expressed genes (21 221/21 802, Sp/Slz) was identified based on the tomato genome. After expression levels (FPKM) for each gene were calculated, a total of 1037 genes showed significantly differential expression in leaves of Sp samples compared with Slz samples, including 463 upregulated genes and 574 downregulated genes ( Figure 1a ; Table S2 ). A Venn diagram of the DEGs illustrates that the commonly expressed and specifically expressed genes between Sp and Slz samples were 143 Sp-specific, 240 Slz-specific and 654 co-expressed genes, respectively (Figure 1b ).
Identification and characterization of lncRNAs
After analysis of assemble, annotation and filtering of all transcripts from the RNA-Seq results, approximately 9880 unique lncRNAs were obtained in both Sp and Slz samples, but we also found 8936 and 9440 lncRNAs that were expressed only in Sp and Slz samples, respectively. Figure 1c shows that these lncRNAs were more evenly distributed across the 12 chromosomes in tomato. Meanwhile, according to the locations of lncRNAs in the genome, we identified 6592 and 6759 exonic overlaps with reference on the opposite strand; 2237 and 2569 intergenic transcripts; 72 and 76 generic exonic overlaps with a reference transcript; and 35 and 36 potentially novel isoforms in Sp and Slz samples, respectively (Figure 1d) .
A total of 688 lncRNAs as significant differential expressed lncRNAs were identified (P-value <0.05 and fold change >2 or <À2) in leaves of Sp samples compared with Slz samples, including 277 upregulated lncRNAs and 411 downregulated lncRNAs (Figures 1a and S2 ; Table S3 ). We found more DELs (7.0%) than DEGs (4.5%) between Sp and Slz, suggesting that lncRNAs might have a markedly differential expression pattern compared with protein-coding genes between Sp and Slz (Wang et al., 2015c) . In addition, we also found 257 and 391 lncRNAs that were specifically expressed in Sp and Slz samples, respectively (Figure 1e ).
Functional analysis of differentially expressed lncRNAs
In previous studies, it was found that lncRNAs are preferentially located next to the genes they regulate (Wang et al., 2015d) . Co-localization analysis indicated a total of 128 DEGs and 127 DELs whose regulation may be linked, and putative interactive networks were constructed using Cytoscape 2.8.3. More than two-thirds of regulated relationships had fewer than three nodes, as shown in Figure S3 .
To reveal potential functions of the DELs, we identified their co-localization genes from DEGs and analysed the Gene Ontology (GO) terms (level 3) of these genes. As shown in Figure 2 , out of 128 genes, 56 genes were assigned at least one GO term. The major category of molecular functions was 'oxidoreductase activity' (GO: 0016491; 30.4%). Genes involved in 'cell part' (GO: 0044464; 17.9%) were highly represented for cellular components. For biological processes, the highly represented GO term was 'primary metabolic process' (GO: 0044238; 28.6%), followed by 'cellular metabolic process' (GO: 0044237; 25.0%). Oxidoreductase activity was highly represented among all GO terms, including 17 genes (Table 2) . 
Analysis of lncRNA-GRX networks
The GO term 'oxidoreductase reaction' included 17 genes, six of which were members of the GRX gene family. Genome chromosomal location analyses revealed that these six GRX genes are distributed on only one chromosome Chr 4 and located in a gene cluster (defined as two or more genes residing within 200 kb of each other; Holub, 2001; Song and Nan, 2014) . It is interesting to note that there were five more GRX genes in this gene cluster ( Figure 3a ). As shown in Figure 3b , the expression levels of all 11 GRX genes in Sp were higher than those in Slz, and no genes showed expression in Slz except SlGRX22.
With further analysis of this cluster, we found eight DELs that belonged to natural antisense transcripts (NATs; Table S4 ). After co-localization and expression analysis and network construction using Cytoscape 2.8.3, we found that seven of these DELs might regulate six GRX genes ( Figure 3c ). The lncRNA16397, lncRNA18263 and lncRNA18264 were identified as regulators of SlGRX21. We found that lcnRNA16390 targeted SlGRX14, lncRNA18262 targeted SlGRX17 and SlGRX18, and both lncRNA16391 and lncRNA16392 targeted SlGRX15 and SlGRX16. To validate the putative relationships between these seven DELs and six DEGs, their expression levels were examined by qRT-PCR. As shown in Figure 3d -g, these lncRNAs and GRXs were highly expressed in Sp, with the exception of lncRNA18263 and lncRNA18264, which were not expressed. These qRT-PCR results were consistent with our RNA-Seq data regarding lncRNA and GRX expression levels, which suggests that these lncRNAs identified from next-generation sequencing may regulate GRX genes by co-expression.
Molecular cloning and expression analysis of SpGRX and lncRNA16397
One 309-bp CDS fragment, SpGRX, was cloned from the leaf of S. pimpinellifolium L3708 and submitted to GenBank of DDBJ (Accession No. LC155905). This fragment encoded a putative polypeptide of 102 amino acids with a 'CC' active site (Figure 4a ). Protein domain analysis by PROSITE predicted a GRX domain in this sequence, suggesting that it belongs to a member of the GRX family (Figure 4b ). In addition, the multiple sequence alignments were used to analyse the deduced amino acid sequences, indicating that the GRX proteins were highly conserved throughout evolution ( Figure S4 ). Meanwhile, lncRNA 16397, which is composed of 549 bp, was also cloned from the leaf of S. pimpinellifolium L3708 ( Figure S5) .
A BLASTp search against the tomato genome showed that the putative SpGRX protein sequence was most similar to the tomato GRX family. The identity of its amino acid sequence was 98% to SlGRX21 (Solyc04 g011870.1). To identify the clade of this SpGRX, phylogenetic tree was conducted using the NJ method of MEGA6.0.6, based on GRX sequences from the tomato genome. Tomato GRX proteins form four distinct subgroups, including CC-type, GBL-type, CPYC-type and CGFS-type . We found that SpGRX belonged to the CC-type subgroup because it was located within the CC-type subclade and was supported by very strong bootstrap values with SlGRX21 ( Figure 4c ).
In addition, we found that lncRNA16397 not only showed co-expression with SlGRX21 but was also the long non-coding antisense transcript of SlGRX22 (Figure 4d ). The expression levels of the two GRXs and lncRNA16397 were analysed in tomatoes infected by using qRT-PCR. The expression trend of lncRNA16397 was consistent with SlGRX21 and SlGRX22 in both P. infestans-resistant and -susceptible tomatoes, and their expression levels were higher in resistant than susceptible tomatoes after P. infestans infection (Figure 4e-g ). In P. infestans-resistant tomato, the expression levels of lncRNA16397, SlGRX21 and SlGRX22 were downregulated gradually during 0-3 dpi and then moderately upregulated (P < 0.05). Conversely, in susceptible tomato, their expression levels increased during 0-1 dpi, remained unchanged between 1 and 3 dpi, and were then downregulated at 5 dpi (P < 0.05).
Overexpression of SpGRX and lncRNA16397 renders tomato resistant to Phytophthora infestans
We investigated a possible role for lncRNA16397 and GRXs in resistance to P. infestans using infiltration to upregulate lncRNA16397 and SpGRX expression in susceptible tomato Zaofen No.2. The plasmids for overexpression of lncRNA16397 and SpGRX were carried out on the basis of the pBI121 vector, which is under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. The pBI121-lncRNA16397/SpGRX plasmids were mobilized into Agrobacterium tumefaciens strain GV3101 by the freeze-thaw method. Introduction of A. tumefaciens harbouring pBI121-lncRNA16397/SpGRX into tomato leaf epidermal cells resulted in significant upregulation of lncRNA16397 and SpGRX expression at 1 week: the expression levels of lncRNA16397 and SpGRX were approximately 5.4-fold and 6.8-fold greater than wild-type (WT), respectively (Figure 5a and b) . In tomatoes overexpressing lncRNA16397 (OE16397), the SlGRX21 and SlGRX22 expression levels were also significantly increased. Meanwhile, in tomatoes overexpressing SpGRX (OEGRX), lncRNA16397 expression was induced. These results indicate that lncRNA16397 might be co-expressed with SlGRX21 and SlGRX22.
Next, P. infestans treatment was carried out. At 5 dpi, the disease symptoms of OE16397 and OEGRX were fewer than in plants receiving the overexpression empty vector (EV; Figure 5c ). ROS was involved in plant-pathogen interaction. Low levels of ROS are involved in response to pathogen infection as signalling molecules, but generation of massive amounts of ROS into a cell may damage the cell membrane, lead to cell death and enhance susceptibility to pathogen. The main species of ROS, H 2 O 2 and O 2 À , were detected using diamino benzidine (DAB) and nitro blue tetrazolium (NBT) staining in EV, OE16397 and OEGRX at 0 and 5 dpi. Figure 5d and e shows that OE16397 and OEGRX plants had significantly lower H 2 O 2 and O 2 À than EV plants after treatment. These results suggest that lncRNA16397 and SpGRX may reduce ROS to enhance tomato resistance against P. infestans. Using qRT-PCR, we found that the expression levels of lncRNA16397, SlGRX21 and SlGRX22 were much higher in both OE16397 and OEGRX than in EV at 5 dpi (Figure 5f and g). These results suggest that the lncRNA16397-GRX network may be an important novel regulatory component in P. infestans resistance in tomato.
DISCUSSION
ROS and GRX play important roles in tomato-Phytophthora infestans interaction
Reactive oxygen species play important roles in a wide range of cellular and molecular alterations in aging animals and plants (Kotchoni and Gachomo, 2006) . Recent evidence has suggested that the ROS network plays essential roles in signal transduction of resistance to pathogen (Mittler et al., 2004; Wi et al., 2012) . In plant-pathogen interactions, ROS are rapidly produced following infection, which may inhibit pathogen growth by preventing pathogen from entering the cell or inducing resistant genes (Bradley et al., 1992; Kotchoni and Gachomo, 2006; Wi et al., 2012) . However, later generation of massive amounts of ROS is toxic to the cell and may lead to cell membrane damage, enhance susceptibility and cause apoptosis . In plants, the ROS scavenging system that regulates the steady-state level of ROS plays important roles to prevent oxidative damage. This system includes catalase, ascorbate peroxidase (APX), superoxide dismutase (SOD), etc. (Kotchoni and Gachomo, 2006) . In our previous work, we showed that overexpression of SpWRKY1 in tomato regulates antioxidants to reduce ROS accumulation and alleviate cell membrane injury after P. infestans infection . In addition to SOD, APX and catalase, GRXs are also involved in ROS scavenging systems. The GRXs belonged to the thioredoxin superfamily, depend on the role of (Laporte et al., 2012) . In addition, SlGRX1, a tomato GRX, was reported to be involved in plant responses to oxidative stress, and overexpressing SlGRX1 in tomato resulted in increased tolerance to abiotic stresses (Guo et al., 2010) . The AtGRXS17-overexpressed tomato could enhance tolerance to chilling stress . In plant-pathogen interactions, the SA as a plant signalling molecule mediates the induction of defence responses upon attack by a variety of pathogens (Ndamukong et al., 2007) . GRXC9 plays a positive role in the SA-dependent pathway with putative antioxidant and/ or detoxifying roles in the defence response (Herrera-V asquez et al., 2015; . Interestingly, overexpression in Arabidopsis of the CC-type GRXs OsROXY1 and OsROXY2 led to increased H 2 O 2 accumulation and hyper-susceptibility to infection by the necrotrophic pathogen Botrytis cinerea (Wang et al., 2009) . Meanwhile, the ATGRXS13 in A. thaliana was required to facilitate B. cinerea infection (La Camera et al., 2011) . The tomato overexpressing SpGRX had fewer disease symptoms at 5 dpi of P. infestans infection than the tomato expressing the empty overexpression vector in this study (Figure 5c ). Thus, in tomato-P. infestans interaction, GRXs might play an important role by scavenging excess ROS produced after P. infestans infection and alleviating cell membrane injury, resulting in enhanced tomato resistance to P. infestans.
LncRNA16397 showed co-induction with GRXs during the inoculation of P. infestans in tomato
LncRNAs have emerged as potential key regulators of transcription. A large amount of lncRNAs have recently been identified to regulate tomato fruit ripening and response to TYLCV (Wang et al., 2015c Zhu et al., 2015) . Meanwhile, a number of lncRNAs play important roles in plantpathogen interactions, such as wheat-P. striiformis, tomato-TYLCV, Arabidopsis-F. oxysporum and Hordeum vulgare-F. graminearum interactions Zhu et al., 2014; Wang et al., 2015c; Huang et al., 2016) . However, little mechanistic understanding is available for these lncRNAs. COOLAIR, an Arabidopsis lncNAT, is currently the best-studied plant lncRNA. COOLAIR is located in the antisense of the floral repressor FLC locus in Arabidopsis and can induce FLC repression (Swiezewski et al., 2009; Wang et al., 2014a) . A range of F. oxysporum-induced lncNATs was identified in Arabidopsis-F. oxysporum interaction (Zhu et al., 2014) . Several lncNATs have been found in the Atlg13607-Atlg13609 region, similar to the COOLAIR-FLC pair, and were shown to be co-induced with Atlg13609 after F. oxysporum infection. We identified lncNATs in the Solyc04 g011780.1.1 (SlGRX12)-Solyc04 g011880.1.1 (SlGRX22) region in this study (Figure 3a) . The lncNATs and SlGRXs in this region were more highly expressed in P. infestans-resistant tomato than in susceptible tomato, as shown by RNASeq and qRT-PCR (Figure 3b and d-f ). LncRNA16397 is a NAT of SlGRX22 (Figure 4d ). After P. infestans infection, the expression trend of lncRNA16397 was similar to that of SlGRX22 (Figure 4e and g ). The lncRNA16397 overexpression in tomato induced SlGRX22 expression (Figure 5c ). These data suggest that lncRNA16397 might play a role in regulating SlGRX22 expression.
In addition, it was very interesting to see that lncRNA16397 also co-induced SlGRX21 expression. Compared with SlGRX22, SlGRX21 is located in the same strand as lncRNA16397 in genome (Figure 3c ). The expression trends of lncRNA16397 and SlGRX21 were the same in both P. infestans-resistant and susceptible tomatoes after P. infestans infection (Figure 3e and f) . The lncRNA16397 expression was upregulated in SpGRX (SlGRX21)-overexpressing tomatoes; meanwhile, overexpressing lncRNA16397 also induced SlGRX21 expression (Figure 5b  and c) . In animal studies, it was found that lncRNAs are preferentially located in close proximity to the genes they regulate (Pauli et al., 2012) . For example, mouse lncRNAs were preferentially located next to genes with functions in embryonic stem cell pluripotency and differentiation, including Evx1as and Hoxb5/6as, which were co-expressed with the associated homeotic genes (Dinger et al., 2008) . The human lncRNA NALT was located within 100 bp of NOTCH1. NALT upregulation was associated with NOTCH1, and increased NALT expression dramatically promoted cell proliferation in cell lines as shown by the CCK8 assay and EDU stain (Wang et al., 2015e) . Furthermore, a study on maize showed that non-CDS play critical roles in regulating gene expression . In Medicago truncatula, some lncRNAs associated with osmotic and salt stress were identified; these lncRNAs were co-expressed with protein-coding RNAs within 100 kb of their location. For example, the cytochrome P450 was regulated by lncRNA TCONS_00046739 in roots of M. truncatula after salt stress (Wang et al., 2015d) . Thus, lncRNAs play important roles not only by co-expressing with coding genes but also as the antisense transcripts of coding genes.
Our results prompt us to propose a model to explain how lncRNA16397 and GRXs confer resistance to P. infestans infection in tomato (Figure 5h) . Following from our results for the SpGRX-overexpressing tomato, we propose that GRX is involved in the ROS scavenging pathway, where it reduces ROS accumulation and alleviates cell membrane injury after P. infestans infection. Meanwhile, lncRNA16397 can also induce SlGRX expression during P. infestans infection. Thus, once GRX gene expression has been induced, ROS accumulation is reduced and disease resistance may be enhanced. This mechanism would allow a response to P. infestans stress through lncRNA16397-induced upregulation of SlGRXs, which reduces ROS accumulation and protects against cell membrane injury, thus promoting tomato resistance to P. infestans.
EXPERIMENTAL PROCEDURES Library construction and sequencing
Solanum pimpinellifolium L3708 (Sp, P. infestans-resistant line) and S. lycopersicum Zaofen No.2 (Slz, P. infestans-susceptible line) were sown into pots filled with soil and grown under controlled conditions (14 h light and temperature range of 22-28°C). Trizol kit (TaKaRa, Dalian, China) was used to extract total RNAs of leaves from 5-leaf stage tomatoes (Sp and Slz), and Agilent 2100 Bioanalyzer was used to measure the quantity and quality of total RNA. Total RNA was sent for poly(A) + -type RNA-Seq library construction and high-throughput sequencing provided by LC Biotech in Hangzhou, China. The libraries were sequenced on an Illumina Hiseq2000 sequencer with 100-bp paired-end reads.
Read mapping and transcriptome assembling
Raw reads obtained from RNA-Seq were pre-processed. The 5 0 adapters and 3 0 adapters were trimmed; low-quality and shorter reads were removed. We mapped all the clean reads to the tomato genome iTAGv2.3 (http://phytozome.jgi.doe.gov/pz/portal.html#! info?alias=Org_Slycopersicum) using TopHat (Trapnell et al., 2009) . Cufflinks 2.0.0 was used to assemble the mapped reads (Trapnell et al., 2012) . The length of all transcripts should be no less 200 bp.
Identification of lncRNAs
Based on the assembled transcripts annotated to tomato genome sequences (iTAGv2.3), the known transcripts encoding proteins were identified and unknown transcripts (< 200 bp) were excluded. Then, the non-coding transcript was identified based on the coding potentials scored less than À1, which was calculated by using the Coding Potential Calculator (CPC; http://cpc.cbi.pku.edu.cn; Kong et al., 2007; Wang et al., 2015d) . The lncRNAs were classified into several categories, according to their genomic location and previous description of Roberts et al. (2011) .
Analysis of DEGs and DELs
Expression levels of genes and lncRNAs were measured with normalized counts of reads by their respective lengths using Cufflinks 2.0.0. Fragments per kilobase of exon model per million mapped reads (FPKM) was applied to represent the normalized expression value. DEGseq package was used to identify the DEGs and DELs between Sp sample and Slz sample with P-values < 0.05 and fold change >2 or <À2 (Anders and Huber, 2010) . The fold change was calculated according to the equation:
Prediction of lncRNA function
Previous studies have reported that one of the main functions of lncRNAs is to regulate the expression of neighbouring genes encoding proteins. Thus, the localizations of the lncRNAs and genes were analysed to identify a co-located pair based on following rules: the lncRNAs and genes were separated by less than 100 kb (Liao et al., 2011) . The GO of these genes was analysed at level 3 using Blast2GO. Interaction networks between lncRNAs and genes were preformed based on genomic co-localization using software Cytoscape 2.8.3.
Plant material collection and Phytophthora infestans inoculation
The tomato plants S. pimpinellifolium L3708 and S. lycopersicum Zaofen No.2 were chosen as the host plants. The treated and control tomato plants S. pimpinellifolium L3708 and S. lycopersicum Zaofen No.2 (5-leaf stage) were inoculated with a suspension of P. infestans spores (10 6 zoospores mL
À1
) and water, respectively. And then they are placed in a 100% relative humidity room and chamber in the dark at 20 AE 1°C. Leaf samples were collected from each plant at the indicated times (0, 1, 3 and 5 dpi), and there were three individuals in every time-point of each group. The leaves from treated and control plants of S. pimpinellifolium L3708 and S. lycopersicum Zaofen No.2 at every time-point were pooled, respectively. All samples were quickly frozen in liquid nitrogen and stored at À80°C until RNA isolation.
Isolation of total RNA and synthesis of first-strand cDNA Isolation of total RNA and synthesis of first-strand cDNA were performed using Trizol reagent (TaKaRa) and the PrimeScript TM RT-PCR kit (TaKaRa) following the manufacturers' instructions, respectively.
Molecular cloning and expression analysis of glutaredoxin gene and lncRNA16397
To clone lncRNA16397 and the CDS of the glutaredoxin gene (GRX) from S. pimpinellifolium L3708, the primers GRXF, GRXR, lncRNA16397F and lncRNA16397R (Table S1) were designed according to the tomato genome and RNA-Seq results. PCR amplification was performed as follows: one cycle at 94°C for 4 min; 35 cycles at 94°C for 30 s, 62/58°C for 90 s (62°C for GRX and 58°C for lncRNA16397), 72°C for 30 s; one cycle at 72°C for 7 min. PCR products were purified and cloned into the pMD-19-T vector (TaKaRa) for sequencing.
Sequence similarity was analysed using the BLAST program form NCBI. The CDS and amino acid sequence of GRX were determined using BioEdit and DNAMAN, respectively. The protein domain was examined using PROSITE (http://prosite.expasy.org/). ClustalX1.83 software was used to perform multiple protein sequence alignments. The phylogenetic tree was conducted using the NJ method (Bootstrapping = 1000) of MEGA6.0.6.
Plasmid construction and overexpression in susceptible tomato
The plasmids used for GRX and lncRNA16397 overexpression were constructed on the basis of the pBI121 vector. The CDS of both GRX and lncRNA16397 were digested with BamHI and Sac I and were cloned into BamHI/Sac I-cut pBI121, which placed them under the control of the CaMV 35S promoter. The pBI121-lncRNA16397/GRX plasmids were mobilized into A. tumefaciens strain GV3101 by the freeze-thaw method.
Samples from A. tumefaciens culture were centrifuged at 4000 9 g for 10 min, and the supernatant was discarded and the pellet resuspended in infiltration media (10 mM MES, 10 mM MgCl 2 and 20 lM acetosyringone; OD600 = 0.1). A. tumefaciens was introduced into leaf epidermal cells of 5-leaf stage tomatoes by infiltration. A. tumefaciens with EV was used as a control. Plants were maintained at 25-28°C for 7 days. At this time, leaflets were harvested from several plants for RNA isolation, and qRT-PCR analysis of GRX and lncRNA16397 was performed to assess the degree of overexpression. The same plants were then treated with P. infestans or water as described above. At 0, 1, 3 and 5 dpi, leaves were collected to analyse the expression patterns of GRX and lncRNA16397. The plants were also scored for disease symptoms, and NBT and DAB staining were performed to measure H 2 O 2 and O 2 À according to the method previously described by .
qRT-PCR analysis
The relative quantity of lncRNAs and genes were performed using qRT-PCR. Table S1 shows the information of all primers. In addition, the actin was used as an internal housekeeping gene. qRTPCRs were performed with the SYBR â Premix Ex TaqTM II kit (TaKaRa) according to the manufacturer's protocol and using the Rotor Gene 3000 Real-time PCR machine (Corbett Research, Mortlake, Vic., Australia).
Statistical analysis
SPSS software was used to perform all statistical analyses of data, and all data are expressed as the means AE SDs from three independent experiments. We used Duncan's multiple range test for the significance (P < 0.05).
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